Introduction
The nervous system is composed of a very large number of interconnecting neurons. This intricate pattern must be assembled precisely to ensure that the brain can perform its remarkable functions of cognition and behaviour. Observations over a period of a century have led to the identification of a number of the principles that underlie these feats of navigation, while recent advances have unearthed the molecules responsible [1] . We are now entering an era where we can begin to describe in molecular terms how the brain is constructed.
The pattern of neural connectivity takes shape during embryonic development, once the organism has established its population of neuronal cells. These cells extend processes that must navigate from their site of birth through the rich extracellular environment to find their appropriate targets, which can be a large distance away. At the tip of the advancing neuron is the growth cone, which extends finger-like extensions (filopodia) that sample the immediate environment and react to the cues they encounter. These processes withdraw from unfavourable cues, while maintaining and growing towards favourable contacts. In this manner the first neurons to extend pioneer a number of pathways that provide a scaffold which later axons can follow and build upon. The follower neurons themselves have to be able to make a choice of which of the many pre-existing pathways to join, and must also decide when to branch off again to reach their specific target. Over the last decade or so the combination of improved biochemical assays and molecular genetic approaches in vertebrates and invertebrates has begun to identify the molecular nature of the cues that are responsible for directing growth cones. It has become clear that the growth cone is guided by molecules that function as attractants to direct neurons towards their target, or as repellents that direct neurons away from inappropriate territories. The molecules may be diffusible and able to act over long distances, or may be associated with cell surfaces or the extracellular matrix and act over short distances (Figure 1 ). Furthermore, different forms of the same type of molecule can act either as attractants or as repellents. Many of these extracellular molecular cues act as ligands which bind receptors on specific neurons to activate a signal transduction pathway that in turn directs extension of the growth cone in the appropriate direction. In this essay I will consider some of the molecules that guide particular neurons, the nature of their receptors and the mechanisms that signal the appropriate growth-cone response. The molecular strategies identified so far appear to make full use of the coding capacity of the genome to direct the error-free growth of billions of neurons along their defined pathways. Types of axon guidance cue Four types of guidance cue have been identified that direct the projections taken by axonal growth cones. The cues can either be secreted (chemorepellents or chemoattractants) and influence the axon at a distance from their site of synthesis, or be provided by the surface that the axon contacts (contact-mediated repulsion or attraction). Chemorepellents repel growth cones from extending along an inappropriate projection, while chemoattractants orient the growth cone towards an intermediate or final target. Contact-mediated cues are either attractive and provide a permissive surface for extension, or repellent and inhibit extension. Examples of molecules responsible for these cues are provided (note that individual molecules can be bifunctional). The integration of the different signals provided by these cues ensures accurate axon guidance during neural development. 
Netrins and their receptors
One common mechanism by which pioneer axons simplify the task of navigating large distances is to make use of intermediate targets or choice points along the pathway towards their target. An intermediate target found in all bilaterally symmetrical organisms is the midline, which separates the two halves of the nervous system. Cells at the midline provide both attractive and repulsive guidance cues to ensure that appropriate axons, such as the commissural axons that link the two sides, are directed to the midline, while keeping other axons away.
Co-culture experiments demonstrate that floor-plate explants from the midline of the vertebrate neural tube provide chemotropic guidance cues that attract commissural axons. Purification of this activity from embryonic chick brain led to the identification of the netrins [2] . Mouse netrin-1 is expressed at high levels at the floor plate and less strongly in the ventral two-thirds of the spinal cord. This results in a graded expression of netrin, with a high point at the floor plate, which the commissural axons follow to reach the ventral midline. Consistent with this is the observation that, in netrin-1 mutant mice, the majority of commissural axons fail to reach the ventral midline [3] . The netrins are secreted proteins of about 600 amino acids which include an N-terminal domain similar to domains VI and V of laminin and a basic Cterminal domain that is conserved within the netrins (Figure 2 ). Netrin homologues exist in the nematode (UNC-6; UNC, uncoordinated) and in Drosophila (netrins A and B), where they are also expressed at the ventral midline of the organism. Furthermore, loss-of-function mutations in these organisms reveal a conserved role for netrins in directing the ventral projection of axons [1] .
Genetic analysis in the nematode revealed that mutations in genes encoding netrins also affect the guidance of dorsally projecting axons that head away from the midline. This led to the realization that netrin performs a dual role and is also able to repel neurons [4] . Further evidence for a dual role came from experiments in vitro in which tissue culture cells secreting netrin-1 were capable of repelling vertebrate motor axons that normally extend away from the floor plate in vivo [5] .
The differential response to netrins depends on the nature of the netrin receptor expressed by axons. The receptors responsible were initially identified by genetic analysis in the nematode. The first of these, UNC-40, is homologous to the protein encoded by the vertebrate gene deleted in colorectal cancer (DCC), and is the netrin receptor responsible for directing axons to the midline. DCC encodes a transmembrane protein containing four immunoglobulin domains and six fibronectin type III repeats (Figure 2 ) that is expressed on the growth cones of commissural axons. Mice lacking a functional DCC display defects in commissural axon projections that are similar in nature to, yet more severe in outcome than, those in netrin-1-deficient mice [6] . Similarly, mutations in the Drosophila homologue of DCC, frazzled, lead to defects in axonal projections towards the midline [7] . UNC-5 is the nematode receptor that may function to interpret the netrin signal as a chemorepellent. Three vertebrate homologues of this molecule have been identified, UNC-5H1, UNC-5H2 and rostral cerebellar malformation (RCM), each of which are able to bind netrin-1 [8] . All these molecules are transmembrane proteins and have two immunoglobulin domains and two thrombospondin domains (Figure 2 ). Their expression patterns are suggestive of a role in axonogenesis. It is unclear whether these molecules function as receptors themselves or in a complex with UNC-40/DCC to mediate a differential response to the netrin signal.
Semaphorins/collapsins and their receptors
The semaphorins/collapsins are a recently characterized family of molecules that mediate axon guidance through inhibition of outgrowth. The identification of molecules that are able to act as repellents has been predicted by the observation of growth-cone behaviour. For example, growth cones of sympathetic neurons collapse on contacting retinal axons, and chemorepellent activities divert olfactory bulb axons away from the septum. The collapsin 1 molecule was purified as a factor derived from chick brain that is able to cause the collapse of growth cones that extend from explants of the dorsal root ganglion (DRG) [9] . Subsequently it was observed that growth cones will turn away from beads coated with collapsin 1, demonstrating that these molecules can also direct axonal growth. Many further members of this new family, the semaphorins, were rapidly identified. The family was found to include both secreted and membrane-bound forms that share a common domain of approx. 500 amino acids, the semaphorin domain ( Figure 2 ). The different semaphorins have varying expression patterns, suggesting a role in the formation of a number of axon pathways. In this role the semaphorins are able to act selectively; thus collapsin 1/semaphorin III will inhibit the outgrowth of nerve-growthfactor-dependent DRG sensory neurons, while having little or no effect on neurotropin-3-responsive neurons [10] . A 70-amino-acid region within the semaphorin domain appears to be sufficient to specify the selective biological activity of the different semaphorins [11] . That the semaphorins act as axon repellents in vivo is also suggested by semaIII mutant mice, which display abnormal projections, including extension of neurons beyond their targets into regions that normally express high levels of semaphorin III [12] .
Recently, members of the neuropilin family have been identified as candidate receptors for the semaphorins, since they are able to bind semaphorins with high affinity [13, 14] . However, further components are likely to be required to provide receptor specificity, since studies in vitro suggest that while both semaphorin III and semaphorin E can bind to neuropilin-1, only the former can cause the collapse of nerve-growth-factor-dependent DRG sensory neurons that express neuropilin-1. Furthermore the neuropilin cytoplasmic domain is small, about 40 amino acids in length, with no obvious motifs, suggesting that further molecules are required to co-operate in the transduction of the semaphorin signal.
Eph receptor tyrosine kinases and their ligands, the ephrins
The development of the highly ordered axonal projections linking specific areas of the retina to specific areas of the optic tectum is also mediated by growth-cone repulsion. Axons from the temporal retina project to the anterior tectum, and axons from the nasal retina project to the posterior tectum, such that an inverted topographical map of the innervating axons is formed on the tectum (Figure 3a) . In an in vitro assay, temporal retinal axons prefer to extend 6 Essays in Biochemistry volume 33 1998 (b) When temporal retinal axons are allowed to grow out on to strips of posterior (P) or anterior (A) tectal membrane, they extend preferentially on the anterior tectum. This preference is abolished when posterior tectal membranes are subject to treatments that result in the removal of GPI-linked proteins (P*). This reveals that the posterior tectal membranes contain GPI-linked proteins that repel temporal axons. This inhibitory activity is provided by ephrin-A2 and -A5. (a) Ephrin-A2 (grey shading) is expressed in an increasing anterior-to-posterior gradient across the tectum (ephrin-A5 is expressed in a similar gradient, but is restricted to the posterior portion of the tectum). The Eph receptor EphA3, which binds both ephrin-A2 and -A5, is expressed in a reciprocal gradient across the retina (blue shading). Such an arrangement of reciprocal gradients of ligand and receptor may provide the appropriate information to allow formation of the highly ordered projection pattern in this system, in which neurons with low levels of receptor can extend into regions expressing high levels of the repellent ligand. Abbreviation: PI-PLC, phosphoinositidespecific phospholipase C. on the anterior tectum membrane and steer away from the posterior tectum membrane (Figure 3b) . Pretreatment of the tectum membrane to remove glycosylphosphatidylinositol (GPI)-anchored proteins overcomes this preference, and temporal axons will then extend on both the anterior and the posterior tectum. Purification of a developmentally regulated GPI-anchored protein enriched in the posterior tectum identified the RAGS (repulsive axon guidance signal) molecule [15] . Characterization of RAGS revealed that it is a member of the ephrin family of ligands for the Eph family of receptor tyrosine kinases. RAGS (renamed ephrin-A5) is able to induce growth-cone collapse of temporal axons. The possibility that ephrin-A5 provides topographical information is suggested by its differential expression along the anterior-posterior axis of the tectum to form a gradient with a high point at the posterior. A second ephrin, ELF-1 (Eph ligand family; ephrin-A2), is expressed in a similarly graded fashion in the tectum of the mouse and chick (Figure 3a) . Ectopic patches of ephrin-A2 in the chick tectum, produced using a retrovirus, are avoided by temporal axons, suggesting that these molecules repel growth cones in vivo [15] . An ephrin-A2 receptor, EphA3 (Mek4), is expressed in retinal ganglion cells, where it forms a gradient with a high point of expression on the temporal side. Thus retinal ganglion cells with high levels of receptor (temporal) connect to tectal regions with low levels of the inhibitory ligand (anterior) (Figure 3a) . This leads to a simple model in which each axon seeks out a specific concentration of ligand depending on its level of receptor expression. However, it seems unlikely that all the properties of retinotectal map formation, such as axon retraction and branching and the plasticity observed in size-disparity experiments, can be explained by this simple model. Further complexity is already evident: EphA3 binds ephrin-A5 and -A2 with different affinities; the gradient of ephrin-A5 expression is steeper than that of ephrin-A2 and more confined to the posterior tectum; and ephrin-A5 can produce a concentration-dependent guidance of nasal and temporal axons, whereas ephrin-A2 only affects temporal axons [16] .
Eph receptor molecules are also expressed on subsets of developing motor axons, and ephrins are found in target areas such as the limb buds, suggesting a widespread role for these molecules in axon guidance. The Eph receptors and the ephrins also play a role in regulating the formation of axon fascicles (bundles of axons). The presence of extracellular ephrins can drive axons to fasciculate (join together) with one another in order to avoid the inhibitory signal. Such a role appears to be played by human ephrin-A5 (AL-1). Cortical neurons express the human ephrin-A5 receptor EphA5 (Rek7) and will fasciculate with one another when plated on astrocytes expressing human ephrin-A5. However, if this interaction is blocked, the axons will defasciculate (separate), suggesting that human ephrin-A5 normally makes the astrocytes a less favourable substrate and thus drives fasciculation. Therefore activation of the Eph receptors' kinase activity can either inhibit axonal extension or regulate fasciculation to determine axonal pathway choice.
Extracellular matrix and cell adhesion molecules
A variety of extracellular matrix (ECM) molecules and cell adhesion molecules (CAMs) have been implicated in axon guidance, primarily on the basis of their ability to promote outgrowth in vitro and of their expression patterns in vivo.
The major role for the ECM molecules, such as laminin, collagen and fibronectin, appears to be the provision of a permissive substrate for axonal growth. This substrate can be modulated, e.g. by the addition of proteoglycans that convert it into a non-permissive surface. Furthermore, the wide variety of ECM molecule isoforms suggests the potential to provide highly variable neuron outgrowth activities. However, conclusive evidence for a specific role for the ECM in guiding axons in vivo is lacking [17] . A key regulatory role for the ECM may come from an ability to present signalling molecules or the stabilization of molecular gradients.
The CAMs include the cadherins, integrins and members of the immunoglobulin superfamily [17] . The N-cadherins and integrins display a broad pattern of neural and non-neural expression, and their primary function appears to be in general adhesive mechanisms. However, mutations in Drosophila N-cadherin do produce growth-cone migration defects, suggesting that specific cadherins may well be critical for axon pathfinding [18] .
The large group of immunoglobulin CAMs (IgCAMs) each contain tandemly arranged immunoglobulin domains that are extracellular (Figure 2) . The IgCAMs promote neuron outgrowth in vitro and are able to bind one another homophilically (interaction between molecules of the same type) and/or heterophilically (interaction between molecules of different types). Many of the IgCAMs are expressed specifically along particular neural pathways and have been implicated in axon pathfinding through a role in promoting selective axon fasciculation, a process whereby axons choose to join (or leave) a pre-formed pathway. For example, transient axonal glycoprotein-1 (TAG-1) is expressed by rat spinal cord axons as they extend ventrally; however, when they reach the floor plate and turn longitudinally, TAG-1 is down-regulated and L1 expression is initiated. This switch correlates with the change in trajectory and an onset of fasciculation.
Genetic analysis in Drosophila has revealed a critical role in fasciculation for fasciclin II, the fly homologue of N-CAM (neural CAM). Overexpression of fasciclin II on motor axon surfaces prevents the selective defasciculation that allows individual axons to leave the common motoneuron pathway and enter their target area [1] . Moderation of N-CAM-mediated fasciculation also occurs in the chick, where it is regulated by polysialic acid. Enzymic removal of polysialic acid results in increased fasciculation and projection errors. Simultaneous application of antibodies to L1 (neuron-glia cell adhesion molecule; Ng-CAM) will overcome the effects of the enzyme treatment, suggesting that polysialic acid inhibits fasciculation provided by a heterophilic interaction between N-CAM and L1 [19] .
Guidance molecules at intermediate targets
The use of intermediate targets by neurons as a mechanism to aid their migration across long distances raises a fascinating problem. The axons must reorient on reaching the intermediate target in order to continue on towards their final target, i.e. a favourable cue must now appear less preferable. This may be achieved by a neighbouring substrate providing greater outgrowth-stimulating properties to redirect the growth cone. An alternative mechanism is the provision by the intermediate target of a signal that modulates the receptors present on the growth cone, or a local cue that overrides a previously strong attractant. It appears that these latter types of signal may exist at the midline of the nervous system. Midline cells produce netrin, which attracts axons; this attractant needs to be overcome in order that axons can leave the midline. This may occur via the local production of a negative signal which axons only perceive once they reach the midline. Evidence for such a signal regulating axon pathway choice comes from the chick and Drosophila.
The IgCAMs axonin-1 and NgCAM-related cell adhesion molecule (Nr-CAM) regulate pathway choice by chick commissural axons at the floor plate. In the chick, axonin-1 (chick TAG-1) is expressed on the commissural axons before and after they cross the floor plate, while Nr-CAM is expressed at the floor plate. Interference with axonin-1 or Nr-CAM function causes defasciculation and a failure of the axons to cross the floor plate; instead they turn on their own side. This suggests that a heterophilic interaction between axonin-1 on the axons and Nr-CAM on floor-plate cells is necessary for axons to cross the floor plate and make appropriate pathway decisions [20] . Thus a negative signal may exist at the midline that is normally masked by the Nr-CAM-axonin-1 interaction. Interaction with the midline may induce a change in the repertoire of axonal surface receptors, unmasking this negative activity to allow axons to extend away from the midline.
In Drosophila the midline cells express netrin and also commissureless (comm). Comm appears to act to mask a negative guidance cue present at the midline that is normally recognized by the receptor protein roundabout (robo). In the absence of comm the commissural axons that normally link the two sides of the nervous system fail to cross the midline. In robo mutants, longitudinal axons (which never normally cross) cross and re-cross the midline, since the negative cue is no longer recognized. Normal crossing is achieved by comm down-regulation of robo on commissural axons to allow them across the midline [21] . This complex interplay between guidance signals may be necessary for accurate migration via intermediate targets.
Signal transduction of axon guidance signals
Extension of a neuron occurs by the localized assembly of actin filaments at the membrane on the leading edge of the growth cone, driving it forwards. The growth cone makes steering decisions by local changes to its cytoskeleton, so directing extension in an appropriate direction. Therefore the ultimate result of the various signalling molecules has to be a reorientation of the motile machinery of the growth cone. This is the same whether the actual signal is produced at a distance or locally, as it must eventually impinge on the growth-cone surface and the information be transduced into the cell. Yet how the external signals activate their receptors and transduce this information is presently not fully understood. Clearly, levels of tyrosine phosphorylation must play a part, as judged by the role played by the Eph receptor tyrosine kinases, the observation that the fibroblast growth factor receptor tyrosine kinase is activated in vitro to convey the signal for axonal outgrowth stimulated by CAMs [22] , and the high levels of the non-receptor tyrosine kinases Src, Fyn and Yes present in growth cones. Furthermore a role for phosphatases in axon guidance has also been characterized in Drosophila, where four receptor protein tyrosine phosphatases have been identified in the developing central nervous system (DLAR, DPTP69D, DPTP99A and DPTP10D). It is also intriguing to note that inhibition of cAMP-dependent protein kinase A in the growth cone converts its response to a gradient of netrin from one of attraction to one of repulsion [23] . However, the identities of the phosphorylated substrates in all cases are uncharacterized.
It seems likely that the extracellular signals are transduced via the regulation of the Rho family of small GTP-binding proteins (RhoA, Rac1 and Cdc42). RhoA, Rac1 and Cdc42 differentially modulate the actin cytoskeleton, and interference with their function can cause defects in axon outgrowth and dendrite formation in Drosophila and Purkinje cells [24] . Dominant-negative Rac1 can also inhibit the collapsin 1-induced collapse of DRG growth cones, while constitutively active Rac1 increases the proportion of collapsed growth cones [25] . However, the nature of the adaptor molecules that link the receptors on the surface of the growth cone to the GTP-binding proteins are presently unknown. One candidate could be the Src homology 2 (SH2)/SH3 adaptor protein Nck that is the vertebrate homologue of Drosophila dreadlocks, a protein required for photoreceptor axon guidance. Nck interacts physically with the Wiskott-Aldrich syndrome protein (WASP), which is capable of binding the GTP-bound form of Cdc42 and can induce actin polymerization. Therefore these intracellular molecules have the potential to link the events at the growth-cone surface to the rearrangement of cytoskeletal structures.
Future perspectives
The last 10 years have seen a large increase in our understanding of the molecular mechanisms that establish neural connectivity. This has come from the use of improved in vitro assays and the investigation of function in vivo through genetic analysis and experimental perturbation. The discovery of diverse but evolutionarily conserved ligand and receptor families that provide multiple functional activities to direct axons to their targets has generated much excite-ment within the field. How the different signals are integrated during development and the mechanisms by which these signals are converted so as to direct the growth cone remain to be elucidated. Are there further families of signalling molecules and receptors awaiting discovery? How does a growth cone receiving a myriad of positive and negative cues always make the correct decision about where to extend? What is the nature of the intracellular signalling molecules that transduce these signals? How can we extend and use our knowledge of developmental events to help encourage the growth of injured or diseased neural tissue? With the molecules discovered thus far in hand, the way is open to identify the molecules that convert the extracellular signals in order to control precisely the dynamics of the growth cone. Molecular-interaction screens such as the yeast two-hybrid technique will allow us to begin to characterize further members of these signalling pathways. Genetic screens in a number of organisms will enable the discovery of new genes that regulate the function of identified molecules and reveal new signalling molecules. Through these techniques, it is likely that the next few years will see the continued characterization of signalling molecules, the mechanisms that regulate their expression and how growth cones respond to their extracellular cues. Hopefully we will soon be in a position to fully describe the molecular basis of axon pathfinding from initial outgrowth to final target selection. 
Summary

